Numerous observational studies suggest that bisphosphonates reduce mortality. This study showed that bisphosphonate use is associated with lower mortality within days of treatment, although the association was not significant until the second week. Such an early association is consistent with confounding, although an early treatment effect cannot be ruled out. Introduction The purpose of this study was to examine whether confounding explains why numerous observational studies show that bisphosphonate use is associated with lower mortality. To this end, we examined how soon after treatment initiation a lower mortality rate can be observed. We hypothesized that, due to confounding, the association would be observed immediately. Methods This was a retrospective cohort study of hip fracture patients discharged from Swedish hospitals between 1 July 2006 and 31 December 2015. The data covered 260,574 hip fracture patients and were obtained from the Swedish Hip Fracture Register and national registers. Of the 260,574 patients, 49,765 met all eligibility criteria and 10,178 were pair matched (bisphosphonate users to controls) using time-dependent propensity scores. The matching variables were age, sex, diagnoses, prescription medications, type of hip fracture, type of surgical procedure, known or suspected dementia, and physical functioning status. Results Over a median follow-up of 2.8 years, 2922 of the 10,178 matched patients died. The mortality rate was 7.9 deaths per 100 person-years in bisphosphonate users and 9.4 deaths in controls, which corresponded to a 15% lower mortality rate in bisphosphonate users (hazard ratio 0.85, 95% confidence interval 0.79-0.91). The risk of death was lower in bisphosphonate users from day 6 of treatment, although the association was not significant until the second week. Conclusion Bisphosphonate use was associated with lower mortality within days of treatment initiation. This finding is consistent with confounding, although an early treatment effect cannot be ruled out.
Introduction
Bisphosphonates, inhibitors of bone resorption, are primarily used in osteoporosis patients to reduce fracture rates [1] , but some research suggests that bisphosphonates also reduce mortality rates. In a randomized controlled trial, Lyles et al. reported that the intravenous bisphosphonate zoledronic acid significantly reduced mortality by 28% in hip fracture patients [2] . Such Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00198-019-05097-1) contains supplementary material, which is available to authorized users. an effect was not, however, detected in other trials of zoledronic acid or other bisphosphonates [3] [4] [5] [6] [7] [8] . Although one metaanalysis did detect a significant effect of bisphosphonates on mortality [9] , another meta-analysis did not [10] .
In contrast to the uncertain evidence provided by randomized controlled trials, numerous observational studies show that bisphosphonate use is associated with lower mortality [11, 12, 21, 22, [13] [14] [15] [16] [17] [18] [19] [20] . These results could be confirmation that bisphosphonates indeed have a beneficial effect on mortality. However, observational studies are susceptible to confounding [23] , so these results could also be a reflection of better overall health in bisphosphonate-treated patients than in non-treated patients. In one study, Bondo et al. concluded that confounding is likely because they found a lower mortality rate in patients who had received only one prescription for a bisphosphonate (≤ 84 days of treatment) [24] ; they reasoned that such an early treatment effect is unlikely. In another study, Sing et al. reasoned that a treatment effect within 30 days would be unlikely, so they excluded patients with < 30 days of treatment in a sensitivity analysis [12] . Because bisphosphonate use was still associated with lower mortality after this exclusion, the authors concluded that confounding was unlikely. However, this analysis would not eliminate confounding in patients with ≥ 30 days of treatment, so a better approach would have been to examine whether there was an association in the first 30 days of treatment, when no effect was expected.
To examine further the possibility of confounding, we aimed to clarify how soon after initiation of bisphosphonate treatment a lower mortality rate can be observed. We hypothesized that, due to confounding, the association would be observed immediately. We tested this hypothesis in a retrospective cohort study of Swedish hip fracture patients.
Methods

Data sources
Hip fracture patients were identified through the Swedish Hip Fracture Register. This database was created in 1988 to improve the quality of care after hip fractures in Sweden, and it covers an estimated 87% of hip fracture patients in the country [25, 26] . The data are collected from hospital wards using standardized forms, which are filled out by a health care professional, usually a nurse [26] . Available variables that were used in this study include type of fracture, type of surgical procedure, housing situation (e.g., private home or nursing home), mental functioning status (e.g., known or suspected dementia), and physical functioning status (e.g., walking ability before fracture, use of walking aid before fracture, and American Society of Anesthesiologists [ASA] Physical Status Score]).
We collected medical data about the hip fracture patients from the National Patient Register and the Swedish Cancer Register. The National Patient Register is a database of inpatient admissions and specialist (non-primary care) outpatient visits [27] . All public and private healthcare providers in Sweden have been required to report inpatient admissions since 1987 and specialist outpatient visits since 2001. Variables available in the National Patient Register include a primary diagnosis, secondary diagnoses, and the date of the visit or the dates of admission and discharge. Diagnoses have been coded according to the 10th revision of the International Classification of Diseases (ICD-10) since 1997 and according to earlier revisions prior to this year. The Swedish Cancer Registry is a database of cancer diagnoses, coded according to the ICD. All health care providers have been required to report new cases of cancer to this registry since 1958 [28] .
We obtained data about prescription medication use from the Prescribed Drug Register, which contains information about prescription medications dispensed at pharmacies in Sweden since July 2005 [29] . Available variables include Anatomical Therapeutic Chemical (ATC) code, pack size, number of packs dispensed, and date of dispensation.
We collected mortality data from the Cause of Death Register, which records the date and cause of death of residents of Sweden since 1961 [30] . The cause of death is determined by the physician who verified the death, and it is coded according to the ICD-10.
We obtained emigration data from the Register of the Total Population. This and the abovementioned databases were linked using personal identity numbers, which are issued by the Swedish Tax Agency to residents of Sweden upon birth or immigration. These numbers are unique, although they are occasionally reused if a person immigrating to Sweden has the same date of birth as a deceased person. For privacy reasons, we received data files in which each personal identity number had been replaced by a random identifier, generated by Statistics Sweden.
The present study was approved by the Regional Ethical Review Board in Umeå, Sweden (Dnr 2013-86-31M, 2013-304-32M). The review board waived the requirement of obtaining informed consent.
Study design
In this analysis, we included hip fracture patients who were discharged alive from 1 July 2006 to 31 December 2015 (the accrual period). Patients who sustained more than one hip fracture during this period were included from the date of discharge following their first hip fracture. Patients were excluded if their latest personal identity number was unavailable, if they had a reused personal identity number, or if they had missing data about a confounder obtained from the Swedish Hip Fracture Register (referred to as hospitalization data).
To reduce confounding in observational studies, the epidemiology literature has recommended researchers to imitate the eligibility criteria of randomized controlled trials [31, 32] . Therefore, we imitated the eligibility criteria of the trial by Lyles et al., which reported that a bisphosphonate significantly reduced mortality [2] . We did this by excluding subjects for the following reasons: age < 50 years; dispensation of bisphosphonate in the last year; radiotherapy or diagnosis of cancer in the last 5 years; diagnosis of chronic kidney disease, solid organ transplantation, hypercalcemia, hyperparathyroidism, or metabolic bone disease other than osteoporosis (osteogenesis imperfecta, osteomalacia, or Paget's disease of bone); prior use of parathyroid hormone or strontium ranelate; use of systemic corticosteroids in the last 6 months; pathologic hip fracture; immobility prior to hip fracture; and limited life expectancy (defined here as ASA Physical Status Score ≥ 4). Classification codes for the mentioned diagnoses and medications are available in Supplemental  Table 1 . We did not have access to variables to exclude for high-trauma hip fracture, inability or unwillingness to take oral bisphosphonates, allergy to bisphosphonates, uveitis, iritis, tibolone or sodium fluoride use, pregnancy, or high level of serum alkaline phosphatase [2] .
Subjects were classified as bisphosphonate users from the date they were first dispensed a bisphosphonate. They remained in the bisphosphonate group for the duration of follow-up, as our aim was not to examine the effect of adherence or persistence.
The main study outcome was all-cause mortality. Secondary outcomes were death from one of the following causes: cardiovascular disease; cerebrovascular disease; respiratory disease; dementia, Alzheimer's disease, or senility; neoplasm; and injury from accident. ICD-10 codes for these causes are available in Supplemental Table 1 .
The confounders we considered and controlled for are listed in Table 1 . The confounders were selected because they were used in a post-hoc analysis of the trial by Lyles et al. [33] , in previous observational studies of bisphosphonates and mortality [12, 13, 22, [14] [15] [16] [17] [18] [19] [20] [21] , or in FRAX, a common fracture risk assessment tool. Classification codes for medications and diagnoses are available in Supplemental Table 1 .
Statistical analysis
The eligible cohort was followed from date of discharge until death, emigration, or 31 December 2016 (whichever came first). Bisphosphonate users accrued follow-up time to the nonuser group until the date when they were first dispensed a bisphosphonate. Hazard ratios were calculated using Cox regression, a model in which bisphosphonate use and confounders were coded as time-varying variables.
To examine the effect of bisphosphonates as a function of treatment duration, it was necessary to change the start of follow-up from date of discharge to date of treatment initiation. Therefore, our main analysis was not the analysis of the full eligible cohort but an analysis of a matched sub-cohort, in which bisphosphonate users were followed from the date they were first dispensed a bisphosphonate and matched controls were followed from a comparable baseline date. This baseline date was the date (post hip fracture) that occurred after the same number of days as treatment initiation did in the corresponding bisphosphonate user.
The matching method we used was time-dependent propensity score matching, which enables propensity-score matching when treatment is time varying [34, 35] . It involves matching a patient who receives treatment at a particular time to a patient who has not received treatment by that same time, but who perhaps later received treatment. In our case, time was counted as days since hospital discharge. By including later-treated patients in the control group, time-dependent propensity score matching prevents the control group from consisting solely of patients who are never considered for treatment and who therefore are likely to be healthier than treated patients [34] . It also prevents immortal-time bias [36] .
Propensity scores were estimated using Cox regression with the variables listed in Table 1 . The matching algorithm was one-to-one nearest neighbor (psmatch2 program in Stata). We used a caliper of 20% of the standard deviation of propensity scores. Confounder balance was assessed using standardized mean differences; differences of < 0.1 were considered negligible [37] .
In the analysis of the matched cohort, confidence intervals for hazard ratios were estimated using robust standard errors [38] . The proportional hazards assumption was not assessed. Instead, we examined whether the relative risk of death changed over time by plotting the ratio of the Kaplan-Meier curve for bisphosphonate users to that for controls [39] . Pointwise confidence intervals were obtained using the bootstrap percentile method [39] , based on 1000 bootstrap replicates. To take account of the matching, we bootstrap sampled matched pairs instead of individual subjects.
A subgroup analysis was conducted by type of bisphosphonate. In this analysis, bisphosphonate users were censored upon dispensation of a different bisphosphonate. Two sensitivity analyses were performed. First, subjects were excluded or censored if they received an osteoporosis medication other than a bisphosphonate. Second, analyses were rerun including only subjects discharged to a private home, as osteoporosis medications taken in nursing homes and other institutions may be underreported in the Prescribed Drug Register [29] .
Missing days of the month were imputed as the first of the month. Missing months were imputed as January. Missing years were imputed as the start the study period (1 July 2006) . All statistical analyses were performed in Stata 
Results
Eligible cohort and matched cohort
Data were available for 260,574 hip fracture patients, of whom 49,765 met all eligibility criteria (Fig. 1) .
Bisphosphonates were dispensed to 12% (n = 6043) of this eligible cohort during follow-up, a median of 2.8 years (mean 3.3 years). Matching resulted in a sub-cohort of 5089 bisphosphonate users and 5089 controls with similar baseline characteristics (Table 1 ). Compared to the average hip fracture patient in the eligible cohort, matched bisphosphonate users were younger, more often female, had a better physical functioning status, more often lived in a private home, had diagnosed osteoporosis, and received prescription calcium and/or vitamin D, and less often had dementia or cardiovascular disease. However, bisphosphonate users had more often received antithrombotic or lipid-lowering agents ( Table 1 ).
In the matched cohort, the most commonly dispensed bisphosphonates were alendronate (92%, n = 4689), risedronate (4%, n = 221), and zoledronic acid (3%, n = 161). Seventeen percent (n = 882) of matched controls started bisphosphonate treatment during follow-up. Five percent (n = 232) of matched bisphosphonate users switched to a different bisphosphonate during follow-up. The median follow-up was 2.8 years (mean 3.3 years).
Mortality Table 2 provides mortality rates and hazard ratios for the full eligible cohort and for the matched cohort. In the full cohort, bisphosphonate use was associated with a 55% lower mortality rate before adjustment for confounders (hazard ratio [HR] 0.45, 95% confidence interval [CI] 0.43-0.48). After adjustment for confounders, the association weakened but remained (fully-adjusted HR 0.85, 95% CI 0.80-0.90). A similar association was observed in the matched cohort (HR 0.85, 95% CI 0.79-0.91).
The analysis of the matched cohort showed that the association between alendronate use and mortality was similar to the association between risedronate use and mortality ( Table 2 ). Use of zoledronic acid, however, was associated with higher mortality ( Table 2 ). Bisphosphonate use was associated with a lower or similar rate of mortality due to specific causes (Table 3) . Osteoporos Int (2019) 30:1973-1982 For the matched cohort, Fig. 2 displays Kaplan-Meier curves and the ratio of these curves (the relative risk of death) over 3 years of follow-up. As shown, the risk of death was lower in bisphosphonate users early after treatment initiation, although there was an initially increased risk. Figure 3 shows that the initial increase was based on < 5 cases in bisphosphonate users and < 4 cases in controls. Furthermore, the risk was lower in bisphosphonate users from day 6 of treatment, although the association was not significant until the second week because the confidence interval for the relative risk overlapped 1 until this time (Fig. 3) . Both in Fig. 2 and Fig. 3 , the confidence intervals are plotted from day 6 because the small number of deaths prior to this day led to undefined estimates of relative risk in some bootstrap replicates (that is, when the risk of death was 0% in the control group, the denominator).
Sensitivity analyses
The association between bisphosphonate use and mortality did not change substantially when we excluded and censored patients who used an osteoporosis medication other than a bisphosphonate (HR 0.84 in the matched cohort, 95% CI 0.78-90). Similarly, the association did not change substantially when we included only patients discharged to a private home (HR 0.81 in the matched cohort, 95% CI 0.72-0.91). 
Discussion
The results showed that bisphosphonate use was associated with lower mortality in hip fracture patients. The risk of death was lower in bisphosphonate users from day 6 of treatment, although the exact timing was unclear due to statistical uncertainty, resulting from an initially small number of deaths. A lower mortality rate soon after treatment initiation is consistent with a confounded association, as confounding implies a difference between study groups at baseline. Confounding could have arisen for at least two reasons. First, physicians may be more likely to prescribe bisphosphonates to patients with a decent life expectancy. This explanation is supported by our data, as bisphosphonate users appeared to be in better general health than the average hip fracture patient was. A similar line of reasoning was used by Bondo et al., because they found a lower mortality rate in patients who had received only one prescription for a bisphosphonate (≤ 84 days of treatment) [24] . Furthermore, this explanation is reasonable because life expectancy is incorporated into fracture risk assessment [40] , because the anti-fracture effects of bisphosphonates may be delayed [41] , and because physicians may be concerned about side effects in patients who are in poor health. Second, confounding could have arisen if healthier patients are more likely to collect their prescriptions. This explanation was not possible to assess in our study because we did not have data about uncollected prescriptions. Previous observational studies did not explore this second explanation either [11, 12, 21, 22, [13] [14] [15] [16] [17] [18] [19] [20] .
Although an association soon after treatment initiation is consistent with confounding, an early treatment effect cannot be ruled out. From a physiological perspective, it is unclear how soon bisphosphonates could begin to take effect on mortality. Proposed physiological mechanisms include anti-angiogenesis, slowing of atherosclerosis, improving general health status, strengthening the immune system, and preventing fractures [10, 33] . However, even the most well documented of these effects of bisphosphonates, that of fracture reduction, has an unclear time to onset [41] . Despite this uncertainty, a randomized controlled trial by Lyles et al. suggested that the effect on mortality is delayed, as zoledronic acid was associated with significantly lower mortality but survival curves were similar until the second year of treatment [2] . A similarity of survival curves does not preclude an early effect, as randomized controlled trials often are underpowered to determine time to treatment effect [42] . However, it contradicts the findings of our study and those of most previous observational studies that reported survival curves, as these curves diverged early [12, 13, 15, 17, 20] . Two exceptions are one study that displayed survival curves only for death due to colon cancer [18] and another study that had a flawed analysis, which guaranteed survival in the control group for at least 90 days [19] .
To clarify how early the association could be observed, we plotted the ratio of the survival curves over time, which showed that the association could be observed within days. This result cannot be directly compared to the results of previous studies, as these did not examine the association continuously over time. However, two previous studies in hip fracture patients divided follow-up into longer periods and showed that bisphosphonate use was associated with lower mortality within 3 months and within 12 months [11, 12] . These two studies in hip fracture patients, together with the abovementioned study by Bondo et al. [24] , indicate that the early separation of survival curves seen in observational studies of hip fracture patients and non-hip fracture patients can be observed within months of treatment [12, 13, 15, 17, 20] . Our study adds to these data by showing that a lower mortality rate can be observed within days.
The results of our study could not be explained by a large number of confounders, including diagnoses, medications, known or suspected dementia, and physical functioning status. To control for these confounders, we used methods recommended by the epidemiology or statistics literature: imitating the exclusion criteria of a randomized controlled trial [31, 32] , matching using time-dependent propensity scores [34, 35] , and adjusting for time-fixed and time-varying confounders using regression [36, 43] . We also used methods to avoid bias, including analyzing bisphosphonate use as a timevarying variable to avoid immortal-time bias [36] and analyzing incident users of bisphosphonates to prevent bias by the inclusion of prevalent users [43] . Several of these strengths of our study were also mentioned as strengths of previous observational studies [12, 13, 15, 17, 19, 20] . Although these strengths could mean that our results reflect a true treatment effect, our results could also be due to residual or unmeasured confounding. Residual and unmeasured confounding are difficult to rule out because doing so requires access to variables that accurately quantify why some patients receive bisphosphonates while others do not. Due to this difficulty, some researchers argue that it is rarely possible to reliably rule out confounding in observational studies of treatment effects [23] . Therefore, controlling for confounding was not our approach, but to assess the presence of confounding.
Although zoledronic acid was reported to reduce mortality in the randomized controlled trial by Lyles et al. [2] , our subgroup analysis showed that the use of zoledronic acid was associated with higher mortality. This result could be due to chance, as the number of zoledronic acid users was small. It could also be due to confounding in the opposite direction (toward a harmful effect of bisphosphonates) because patients who receive zoledronic acid rather than oral bisphosphonates may in poorer health, as Swedish guidelines recommend zoledronic acid for patients who do not tolerate oral bisphosphonate or who are likely to be nonadherent [44] .
The following limitations of this study should be noted. First, we included only hip fracture patients because we could obtain data with many confounders for this population and because bisphosphonate use has been consistently associated with lower mortality in hip fracture patients [11, 12, 14, 15, 17, 24] . In other populations, confounding may be less strong or have a different effect due to different prescribing practices. This possibility could explain why bisphosphonates have not always been associated with lower mortality in other populations, such as cancer patients [21, 45] . Second, we did not have access to all confounders included in previous studies. However, this limitation is unlikely to explain our results because, as mentioned, our results are consistent with those of most previous studies. Third, because of limited statistical power, it was not possible to determine whether the risk is of death differed between bisphosphonate users and nonusers immediately after treatment initiation (that is, from day 1).
In sum, our study adds to the findings of previous observational studies by showing that the association of bisphosphonate use with lower mortality can be observed within days, not just within months, of treatment. Although such an early treatment effect cannot be ruled out due to limited evidence, it is consistent with confounding. This uncertainty implies that our results should not be interpreted as evidence that bisphosphonates have a beneficial effect on mortality, even though we avoided certain biases and controlled for a large number of confounders. Since most previous observational studies also showed that the association begins early, these results may also be confounded. Therefore, they should be interpreted with caution. Future studies that examine the presence of confounding could compare associations in patients who are prescribed a bisphosphonate but who either do or do not collect their prescriptions. This approach may clarify whether results could be confounded because healthier patients are more likely to collect their prescriptions or because physicians' are more likely to prescribe bisphosphonates to healthier patients. Future observational studies that examine the effect of bisphosphonates on mortality should explain why confounding was reliably eliminated.
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